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We have produced a cryogenic buffer-gas cooled beam of the diatomic molecular radical CH
(methylidyne). This molecule is of interest for studying cold chemical reactions and fundamental
physics measurements. Its light mass and ground-state structure make it a promising candidate for
electrostatic guiding and Stark deceleration, which allows for control over its kinetic energy. This
control can facilitate studies of reactions with tuneable collision energies and trapping for precise
spectroscopic studies. Here, we have demonstrated electrostatic guiding of CH with fluxes up to 109
molecules per steradian per pulse.
I. INTRODUCTION
The diatomic molecular radical CH (methylidyne) is
of great interest for cold molecule experiments for many
reasons. Due to the importance of the CH molecule in
astronomical spectra, its ground-state structure is well
understood [1, 2]. Also, precision spectroscopy of the
CH rotational structure can be used to test fundamental
physics: by comparing spectra of cold CH molecules on
earth to astrophysical spectra from distant sources, one
can make sensitive tests of time variation of the funda-
mental constants [3].
Methylidyne’s combination of light mass, moderate
electric dipole moment, and the lambda-doublet struc-
ture of its X2Π1/2 ground state make it an attractive
candidate for Stark deceleration [4, 5]. Additionally, the
level structure of CH may make it a viable candidate for
laser cooling to ultracold temperatures [6].
CH is the simplest hydrocarbon, and understanding
how it reacts with other neutral and ionic molecules is
important for multiple fields [7–9]: it is an important re-
action intermediate in combustion chemistry [10] and an
important reactant in astrochemistry [11–13]. Due to its
simplicity, measurements of reactions with CH are useful
to help constrain ab initio theory [4, 8]. By measuring
chemical reactions with CH at cold temperatures, more
stringent limits can be placed on theoretical models and
an improved understanding of the underlying physics and
reaction mechanisms can be obtained [4, 14–16].
To be able to study cold chemical reactions, it is im-
portant to generate large fluxes of cold molecules. Cryo-
genic buffer-gas beam (CBGB) sources are one of the
highest-flux sources for cold molecular radicals [17]. For
experiments seeking to explore chemistry between CH
molecules and trapped ions, one also desires a velocity-
tunable beam to measure reaction rates as a function
of collision energy [4, 14]. This can be achieved with a
Stark decelerator [18], which can decelerate a buffer-gas
beam. However, it is critical to guide the molecules from
∗ weinstein@physics.unr.edu; http://www.weinsteinlab.org
the CBGB source to the entrance of the decelerator to
preserve the phase-space density of the beam [4]. This
guiding is also advantageous for other experiments (such
as laser cooling and trapping [19] or precision measure-
ments [20]) that require spatial separation between the
CBGB apparatus and the experimental measurement re-
gion, so as to work in a location of ultrahigh vacuum or
large optical access.
Electrostatic guiding has been demonstrated for super-
sonic beams of stable molecules and beams of molecular
radicals, and has become an important tool in supersonic
beam experiments [21]. Electrostatic and magnetostatic
guiding of cold molecules from a CBGB source has been
demonstrated for chemically stable species [22–24]. The
objective of the experiment described here is to create a
high-flux cryogenic beam source of methylidyne radicals,
and guide it using an electrostatic guide. The ultimate
goal of this work is to guide a beam of radicals into the en-
trance of a travelling-wave Stark decelerator as described
in Ref. [4]. The output of the decelerator will then be di-
rected to an ion trap to measure cold chemical reactions
between CH molecules and molecular ions [15, 16, 25, 26].
This paper describes three different elements of the
experiment: first, testing CH production from numer-
ous materials at 300 K; second, creating and measuring
a cryogenic molecular beam using two different cell ge-
ometries; and third, electrostatically guiding the radicals
with a hexapole. Because of the unusual behavior of the
CH molecules, we also produced and measured a cryo-
genic atomic titanium beam for comparison. The tita-
nium data is presented in Appendix A.
II. PRODUCTION TESTS AT 300 K
We began the process of optimizing the production of
CH molecules in a room-temperature cell. This allowed
us to rapidly try many different ablation targets and pro-
duction methods without having to warm up and cool
down a cryogenic system, which can take considerable
time.
The room-temperature cell is made from a standard
KF-40 six-way cross with internal volume of ∼65 cm3,
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2where the ablation target is mounted so that it pro-
trudes slightly into the central region from the bottom
arm. A 532 nm Nd:YAG laser with 5 ns pulses is
used to ablate the target in a helium buffer gas envi-
ronment, with or without H2 gas present, to create the
CH molecules. We measured the production of CH from
ablating various target materials without H2 present, in-
cluding: polystyrene, black and white UHMW polyethy-
lene, polypropylene, paraffin wax, black and white nylon,
and polyimide film (i.e. Kapton film). We also measured
CH production from four graphite targets by ablating
them into a mixture of helium and hydrogen gases. The
former method — ablating a compound into an inert gas
— has traditionally been used for production of molecu-
lar radicals in cryogenic environments [27, 28]. The latter
method — ablating a pure element that contains one of
the atoms of a diatomic radical into a gas containing the
other — has been demonstrated more recently to provide
larger numbers of molecules and, equally importantly,
more reliable production [29].
To create CH molecules, the ablation laser is focused
onto the target with a 175 mm focal length plano-convex
lens. CH production showed weak sensitivity to the ab-
lation spot size: moving the lens ±7 mm from the central
focus position had little effect on production. All mea-
surements presented here use ablation energies between
10 and 90 mJ/pulse. The graphite targets have a pro-
duction threshold around 10 mJ, with peak production
occurring at ∼ 80 mJ. All other targets did not produce a
measurable signal below 20 mJ/pulse; these targets typ-
ically produce peak signals at ∼ 70 mJ.
The production of CH in the room-temperature gas cell
is evaluated using direct absorption spectroscopy. The
level structure of the ground state of CH is shown in Fig.
1, along with the optical transitions used in this work
for detection. We use a tunable 430 nm external cavity
diode laser to produce the probe light. In the room-
temperature tests, we detected the gas-phase methyli-
dyne radicals via triple-pass absorption spectroscopy on
the R11(3/2) transition at 23228 cm
−1 [30] (The λ-
doublet is unresolved in our experiment.) The laser
power after passing through the cell is measured using
a photodiode and recorded by an oscilloscope.
From the measured absorption signals, we determine
the number of CH molecules produced per ablation pulse.
The molecule numbers are calculated assuming a 300 K
Doppler width, and assuming the CH density is uniform
in the central volume of the KF cross and zero in the arms
[32, 33]. The measured production numbers are listed in
Table I. We fit the decay of the absorption signal as a
function of time to an exponential to give the lifetimes of
the CH molecules in the cell, which are also reported in
Table I.
The best hydrocarbon target in terms of both pro-
duction and cell lifetime was paraffin wax, producing
nearly 1012 molecules (in the N = 1, J = 3/2 state)
per pulse. The graphite targets showed better perfor-
mance than the hydrocarbon targets, with roughly twice
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FIG. 1. Diagram of the X2Π(v = 0) level of CH showing the
X ↔ A transitions we probed. Each transition is labeled by
its name, its transition wavenumber in cm−1, and its Einstein
A coefficient [30–32]. The naming convention is from Ref.
[30]. The figure is not drawn to scale; rotational energies are
given at the right in wavenumbers.
as many molecules produced and cell lifetimes ∼ 50%
longer. Moreover, the CH production from the graphite
targets was more consistent shot-to-shot. Consequently,
we chose graphite ablation into a mixture of hydrogen
and inert gases as our method of molecule production for
our cryogenic cell. The majority of data obtained in the
cryogenic experiment were for this production method.
In addition to the species listed in Table I, we attempted
to create targets using iodoform powder. Unfortunately,
we were unable to do so, as described in Appendix B.
III. CRYOGENIC MEASUREMENTS:
STANDARD CELL
The cryogenic apparatus used has been described pre-
viously [34–36]. Briefly, the apparatus consists of a rect-
angular cuboid vacuum chamber made of aluminum with
a 50 K inner radiation shield and houses a pulsed-tube
refrigerator (Cryomech PT415). Inside the shield are two
cryopumps and an ablation cell, all made from 110 (ETP)
copper. The cell is thermally connected to the second
stage of the refrigerator and has an internal volume of
∼ 24 cm3. The ablation cell is typically held at 16 K,
and the cryopumps at around 4 K. This cryopump tem-
perature allows us to pump both Ne and H2 gases.
The buffer-gas beam is extracted from the cell using
simple cylindrical hole apertures, with the most common
being 3/16” in diameter. Windows are on the vacuum
chamber and ablation cell such that we can simultane-
ously probe absorption inside the cell and either absorp-
3TABLE I. CH production methods with corresponding life-
times and numbers of molecules produced per ablation pulse
[34]. Helium buffer gas densities ranged from 4 × 1015 to
2 × 1017 cm−3. Typical densities that gave good production
were 2×1016 cm−3 for hydrocarbon targets, and 1×1016 cm−3
for graphite targets. Lifetimes cited are those measured at
conditions that gave peak absorption signals. The number of
molecules reported here is the number in the N = 1, J = 3/2
state; the total number produced is higher.
Gas Ablation target
Lifetime
(µs)
Molecules
produced
(×1011)
He
Paraffin wax 160 8.5
Kapton sheet 140 4.4
White polyethylene 140 4.4
White nylon 110 4.7
Polypropylene 50 4.1
Black polyethylene 100 3.1
Black nylon 115 4.1
Polystyrene N/A . 1
H2
Compressible graphite 250 21
Conductive graphite 250 24
UFGC graphite 225 26
94% He
+
6% H2
UFGC graphite 240 22
Compressible graphite 210 22
Pyrolytic graphite 240 23
tion or fluorescence of the extracted beam, about 6 cm
after the cell exit.
We produce CH in this cell by ablation of graphite tar-
gets into mixtures of neon and hydrogen gas, and by ab-
lation of black nylon into neon gas. For ablation, we use
a frequency-doubled Nd:YAG laser operating at 10 Hz
with energies of 10–80 mJ per pulse. The ground rota-
tional state of CH was detected by single-pass absorption
spectroscopy of the R22(1/2) transitions [30], as shown in
Fig. 1. The maximum optical depth, OD, observed in the
cell was on the order of 1×10−2. Assuming the molecules
are evenly distributed through the central region of the
cell, this corresponds to ∼ 6× 1010 molecules in a single
f or e state of the ground rovibrational state.
Raw data for in-cell absorption can be seen in Fig.
2, with comparison to Ti absorption in the same cell.
Unfortunately, the in-cell lifetime for CH production by
ablation of graphite is short, and comparable to 300 K
observations. The behavior of the lifetime as a function
of buffer-gas density and composition is shown in Fig.
3. With non-zero neon flow, the lifetime is typically ob-
served to decrease as more H2 is introduced. With no
neon flow, the lifetime is relatively constant as more H2
is added.
Comparing the CH lifetime behavior in Fig. 3 to ex-
traction and lifetime characteristics for a beam of tita-
nium atoms (detailed in Appendix A 1) would suggest
that the dominant loss process is neither diffusion to the
cell walls nor extraction from the cell through the aper-
ture.
The cell lifetime data would suggest the vast major-
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FIG. 2. Lifetime comparison in the “standard cell”. Shown
are examples from: graphite ablation into H2 and Ne (tri-
angles); black nylon ablation into Ne (squares and circles),
with both examples being from the same target; and Ti ab-
lation into Ne (diamonds, inset). Note that the inset graph
has the same units, but different scale, as the main graph.
Lifetimes are as follows – black nylon: τsquares = 1.4 ms,
τcircles = 0.43 ms; Graphite + H2: τtriangles = 0.23 ms; Tita-
nium: τdiamonds = 4.4 ms.
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FIG. 3. Lifetimes of CH produced by ablation of a graphite
target into a mixture of hydrogen and neon in the standard
cell, as discussed in the text. The error bars are the standard
error of the mean.
ity of CH is destroyed before it can be extracted into
the buffer-gas beam. Consistent with this expectation,
4we detect no fluorescence in the beam outside the cell
to within our noise (OD < 10−4). Potential causes of
the rapid destruction of CH include chemical reactions,
clustering, and adsorption onto dust particles.
Considering chemical reactions with hydrogen, the
two-body chemical reaction CH + H2 → CH2 + H is
endothermic, requiring 10 kJ/mol to proceed [37], so it
should be highly suppressed in the cold environment.
However, three-body reactions such as CH+H2+Ne →
CH3+Ne are energetically allowed [37]. For any such re-
actions, we would expect the lifetime to decrease as the
H2 density is increased. While higher hydrogen flow rates
do lead to slightly shorter lifetimes, as seen in Fig. 3, the
dependence on hydrogen flow is much weaker than one
would expect if this was the dominant loss process. In
fact, when no neon is present, increasing the H2 density
has almost no effect on lifetime.
Clustering with the neon buffer gas (via three-body
collisions [38]) could be a loss mechanism for CH
molecules in the cell. However, replacing neon with he-
lium yielded similar lifetimes. Additionally, the lifetime
increases with increasing neon flow (for fixed H2 flow).
This is not what one would expect for clustering with
the buffer gas, where adding more neon should reduce
the lifetime.
Finally, the most plausible reason that the CH lifetime
is short is due to other species produced by the ablation:
either unidentified chemical species that react with CH
or dust. If the ablation produces a large amount of dust
particles distributed throughout the cell, CH would be
expected to adsorb onto the surface of those particles.
This mechanism has been posited previously to explain
short molecule lifetimes in cryogenic experiments involv-
ing ablation of non-metallic targets [27]. This mechanism
is supported by the longer lifetimes seen in subsequent
experiments in the same cell employing a nylon abla-
tion target, as seen in Fig. 2. Unfortunately, we have
only limited data for the cryogenic cell with this ablation
target, but nylon has demonstrated significantly longer
cell lifetimes than was observed for graphite, indicating
that it is some other species (such as dust) produced by
graphite ablation that is limiting the cell lifetime. As
seen in Fig. 2, ablating the nylon target produces CH
with widely varying cell lifetimes shot-to-shot. We sus-
pect that not only is nylon somewhat inconsistent in its
production of CH, but that it is also inconsistent in its
production of dust.
IV. CRYOGENIC MEASUREMENTS:
SMALL-VOLUME CELL
We attempted to work around the short lifetime of CH
molecules in the cell by redesigning the cell for a shorter
extraction time. To reduce the extraction time, we re-
duce the volume of our cell. Previous work with helium
buffer gas and CaF molecules has shown that internal vol-
umes of ∼3 cm3 can produce a cold beam of molecules
with a cell extraction times on the order of 100 µs [29].
A schematic of the small-volume cell is shown in Fig.
4. The internal volume is ∼ 5 cm3. The main bore has a
flared entrance to ensure compatibility with an existing
gas inlet [35]. The ablation laser enters through a win-
dowed port on the top of the cell and strikes a cylindrical
ablation target that sits in a small cutout underneath the
main bore. Two windowless detection ports are used in
detecting absorption; some gas will escape through these
ports, but due to their small diameter relative to the
main bore, we assume this will not significantly alter the
gas flow. We use the same style of aperture as the stan-
dard cell, but with a larger diameter of 1/4” for faster
extraction.
PMT
Collection lens
Chamber extension
Window
Hexapole
Cell & aperture
FIG. 4. Top: a wireframe schematic of the small-volume
cell, with internal structure shown by dashed green lines.
Bottom: a schematic of the hexapole setup. Not shown are
the chamber body, which encloses the rest of the hexapole
rods and cell, the gas feedthrough for the cell, and the cry-
opumping surface that the hexapole fits through. All com-
ponents are drawn to scale, with the cell being 1.5” tall for
reference. They are also placed to scale, with the exception
of the vertical positioning of the condenser lens and PMT.
5A. CH production
In-cell absorption measurements provide the transla-
tional temperature of the CH molecules, as shown in Fig.
5. While these temperatures are significantly higher than
the cell wall temperatures (measured prior to ablation),
we note that these temperatures are comparable to tita-
nium atom temperatures (Fig. 10) measured at similar
times after the ablation pulse, as described further in
Appendix A 2.
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FIG. 5. In cell translational temperature of CH for the
small-volume cell geometry calculated from a spectrum taken
30–200 µs (most of the pulse) after ablation.
In-cell absorption measurements show CH produc-
tion comparable to the standard cell, yielding 2 × 1011
molecules in the N = 1, J = 1/2 rotational state. We
note that the production shows dependence on Ne flow
rate; with no neon flow and 20 SCCM of H2 we observe an
OD of 4×10−3, and adding 60 SCCM of Ne yields an OD
of 2.4×10−2. We also measure large numbers of molecules
in excited rotational states. We measure the populations
of the N = 1, J = 3/2 and N = 2, J = 1/2 levels from
the absorption signals of the R22(3/2) & R22(1/2) tran-
sitions. From fitting the relative populations to a Boltz-
mann distribution, we extract a rotational temperature
of 37±7 K. The uncertainty is dominated by the shot-to-
shot fluctuations in production.
The measured lifetime in this new geometry is similar
to the standard cell, varying from 100–200 µs depending
on experimental conditions. The lifetime does increase
with neon flow rate: at a H2 flow of 12 SCCM, adding
10 SCCM of neon yields a lifetime of 100 µs; adding
60 SCCM of neon yields a lifetime of 160 µs. A 200 µs
lifetime is achieved at 1 SCCM of H2 and 60 SCCM of
Ne. The short lifetimes are consistent with the shorter
extraction times observed from the small volume cell. As
described in Appendix A 2, our extraction time for Ti is
reduced by over an order of magnitude. These faster ex-
traction times allow us to see CH molecules in the buffer-
gas beam.
B. Small-volume cell beam
To detect CH in the beam outside the cell, we use laser-
induced fluorescence (LIF) spectroscopy. The molecules
are excited by a 430 nm tuneable diode laser, operating
at typical powers of 1–1.5 mW, with a beam diameter of
5–6 mm. The fluorescence — in a direction perpendicular
to the excitation beam — is detected by a photomultiplier
tube (PMT). We vary the power of the probe laser to en-
sure that the measurements are not significantly altered
by optical pumping effects or saturation of the transition.
For calculating the number of molecules extracted, we
assume that the pulse of molecules are moving out of
the cell with a Gaussian velocity distribution in the ra-
dial directions, and uniform in the axial direction [35].
We assume the primary broadening source is Doppler
broadening. Finally, we assume that the extracted beam
will be large compared to the probe beam at the prob-
ing location, 6 cm from the cell exit aperture, as expected
from the high transverse temperatures seen with titanium
beams (see Appendix A 2).
Due to the geometry of our fluorescence detection, we
cannot accurately measure the transverse velocity spread
of the beam (the detectable transverse spatial extent of
the beam is restricted by an aperture). This also pre-
vents us from measuring the total number of molecules
extracted from the cell. However, we can measure the
flux of molecules per solid angle (on-axis), and find a
flux of 1010 molecules per steradian per pulse at an ab-
lation energy of 50 mJ. Similar to the in-cell production,
we observe that the number of molecules per steradian
of CH increases as the neon flow rate increases. At a H2
flow of 20 SCCM, we observe a flux of ∼ 3×109 molecules
per steradian per pulse. If we add 60 SCCM of neon we
observe ∼ 2.5 × 1010 molecules per steradian per pulse.
This increase is higher than expected given the in-cell
production; we assume the additional increase is due to
better extraction.
Axial beam characteristics are determined from LIF
spectra collected with the excitation laser running
counter to the propagation of the molecular beam; for-
ward velocities are calculated using Doppler shifts, and
velocity spreads from Doppler broadening. We compare
these results to a beam of titanium atoms, detailed in
Appendix A 2.
The forward velocity results are shown in Fig. 6. We
observe higher forward velocities for CH than what we
measured for the titanium beam. We suspect this is par-
tially due to the earlier times of CH extraction (due to
the shorter in-cell lifetime), which correspond to higher
in-cell gas temperatures. It may also be partially due to
the inclusion of hydrogen gas, which has a higher velocity
(although we see no strong dependence with H2 fraction)
and partially due to the lighter mass of CH relative to
6titanium.
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FIG. 6. Forward velocity for both Ti and CH beams. Note
that the x-axis is the total gas flow, and the color denotes the
percent of H2 composition of the total gas.
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FIG. 7. Axial velocity spread FWHM for both Ti and CH
beams from the small-volume cell. This is also plotted vs total
gas flow and colored according to H2 composition. Interest-
ingly, the titanium beam seems to be exhibiting expansion
cooling at low flow rates, and substantial heating at high flow
rates.
The axial velocity spread of the CH beam, as shown
in Fig. 7, is substantially larger than Ti. We believe this
is due both to the lighter mass of CH and to the earlier
times at which the molecules exit the cell. The veloc-
ity spreads shown correspond to temperatures ranging
from 20–35 K. The rotational temperature of the beam
is measured to be 44± 5 K.
We note that these temperatures are significantly
higher than previously seen in cryogenic buffer-gas beams
produced by small-volume cells [29]. We believe the
higher temperatures are partially due to the earlier ex-
traction times (see Appendix A), but this is not fully un-
derstood. These high temperatures are not favorable for
guiding. However, our molecular flux is sufficiently large
that we expected to be able to observe guided CH, and
thus we proceeded to test guiding using this CH beam.
V. CRYOGENIC MEASUREMENTS: GUIDING
The experimental setup was modified to accommodate
the electrostatic guide, and the probe location for the
beam was moved to after the guide. We used a 200 mm
long hexapole electrostatic guide with rod radii of 1.5 mm
and a bore diameter of 5 mm to guide our molecules. To
fit this into our chamber, we added a small extension to
the chamber with windows to allow probing at different
locations after the hexapole exit. A schematic of the
guiding setup is shown in Fig. 4. We placed our hexapole
entrance roughly 30 mm away from the cell aperture, and
we probed the guided beam 25 mm after the hexapole’s
exit. This is sufficiently far from the electrodes that Stark
shifts of the transitions should be negligible.
We performed LIF with a laser beam waist of ∼ 9 mm
and typical powers of 1.2 mW. Though this would seem
to be a high intensity for the relatively weak optical tran-
sitions of CH, we did not observe any saturation of sig-
nal with laser power. Due to the low transverse veloc-
ity spread of guided molecules, we expect that the waist
of our LIF beam is significantly wider than the beam
of guided molecules at our measurement location. We
convert our LIF measurements to OD via calculations
of collection efficiencies and detector properties. Unlike
the measurements made in the main chamber, the OD is
too low to use absorption measurements to directly cali-
brate the LIF signal. We note that for the calibrated OD
measurements in the main chamber, our LIF calculations
underestimated the true OD by a factor of 3; we expect
similar accuracy here.
In the absence of applying an electrostatic potential
to the guide, we observe no fluorescence signal after the
guide. Similarly, when probing the R22ee(1/2) transition,
which probes the high-field-seeking state, we see no ob-
servable signal even with voltage applied to the guide.
With voltage applied to the hexapole electrodes and ex-
citing the R22ff (1/2) transition, we see LIF signals af-
ter the guide. Raw signal from the guided CH (plotted
along with the in-cell spectrum) is shown in Fig. 8. We
note that there are two visible peaks in our guided spec-
trum, which we attribute to hyperfine splitting of the
R22ff (1/2) transition’s excited state.
The results of our measurements of the guided beams
are shown in Fig. 9. These transverse velocity spreads
were calculated from spectra taken 400–600 µs after ab-
lation, which is the peak of the pulse. The signals are
plotted as a function of the voltage difference between
adjacent rods of the hexapole guide, with the hexapole
7 !"#$
%&
'
&
(
#
$
)
*
!
+
,
!
-
.
/
-
0
1
!
2
1
3
3
&$$($$#$$$
451671.28!9:*;<
&!"#$
%=
(
#
$
+
,
!
>
5
?
@
!
A
7
-
0
1
0
!
)
*
FIG. 8. Spectra of CH inside the cell and at the end of the
hexapole with a guiding voltage of 8 kV. Guided OD (green
trace) is measured on the right axis, OD inside the cell (black
trace) is measured on the left axis. We attribute the two peaks
on the guided signal to hyperfine splitting of the excited state
of the R22ff (1/2) transition, which was previously measured
to be 159.6 MHz [31].
rods alternating being positively charged and negatively
charged.
We expect that the CH molecules will have a smaller
transverse velocity spread after the guide as compared to
directly out of the cell for two reasons. First, the trans-
verse confining fields of the guide are weak compared to
the expected transverse temperatures of the beam. Sec-
ond, due to the separation of the guide from the cell (as
seen in Fig. 4) we expect that only molecules with low
transverse temperatures will be geometrically accepted.
As seen in Fig. 9, this is the case; the transverse velocity
spreads correspond to temperatures on the order of a few
tenths of a Kelvin.
Measurements of the peak OD and pulse duration for
the guided beam are also shown in Fig. 9. The guided
OD is as high as ∼2×10−6 (our noise floor in the beam
is 10−7). The pulse width is typically measured to be
320±22 µs. We calculate the total guided number to be
107 molecules per pulse at our highest guide voltages,
and ∼ 106 per pulse for voltages in the 3–4 kV range.
We did not see any signal after the guide below 3 kV.
We note that the number of guided molecules shows a
strong dependence on buffer-gas composition, with lower
neon fractions producing more guided molecules. The
largest numbers were observed when no neon was used
at all. This is not what one might expect from measure-
ments of the unguided beam, which shows greater fluxes
per solid angle as higher neon flows, as discussed in sec-
tion IV B.
We also note that only a small fraction of the molecules
are actually guided. We speculate that collisions at the
entrance of the guide could cause loss of molecules from
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FIG. 9. Measurements of the guided CH beam’s peak OD,
pulse duration, and transverse velocity spread (markers, left
axes), plotted as a function of the hexapole voltage. The pulse
duration and the transverse velocity spread are both reported
as a FWHM. The red curve (right axis) is the calculated max-
imum spread in transverse velocities that can be confined by
the hexapole field (twice the maximum transverse speed).
the beam. Guided CH showed numbers per solid angle
per pulse ranging up to 1.5×109 molecules per steradian.
VI. CONCLUSION
We produced large fluxes of neutral methylidyne radi-
cals at cryogenic temperatures by ablating graphite tar-
gets into a mixture of neon buffer gas and hydrogen gas.
The lifetime of the molecules in the cell was anomalously
short, but by using a small-volume cell with a short ex-
traction time we produced a molecular beam. We suc-
cessfully guided the neutral methylidyne radical beam
using an electrostatic hexapole. Typical molecular beam
pulse widths are ∼ 320 µs, measured transverse velocity
spreads were 0.1 K (at ±3 kV), and forward velocities of
the beam were 250–325 m/s. The total flux of molecules
was 1.5×109 molecules per steradian per pulse after the
guide.
We believe the low total flux of molecules is due to
8the high temperatures produced by the small-volume cell,
and also possibly due to collisional effects at the entrance
to the electrostatic guide. We expect improvements in
performance could be obtained by returning to a larger
volume cell — which produces colder beams — and ab-
lating targets with longer lifetimes in the cell. The data
presented in Fig. 2 suggest that with different production
methods, this may be possible.
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Appendix A: Titanium measurements
1. Standard cell
Initial tests of the cryogenic buffer-gas beam were con-
ducted with titanium atoms produced by ablation of ti-
tanium metal. Titanium was chosen for its ease of pro-
duction by ablation and its strong and accessible optical
transition [39]. Atoms are created through laser abla-
tion with a frequency-doubled Nd:YAG laser operating at
10 Hz with energies of 10–80 mJ per pulse. The atoms are
detected with a 400 nm tuneable diode laser driving the
3d24s2 a 3F2 → 3d24s4p y 3F◦2 transition at 25107.4 cm−1
[40], with typical powers of 10–20 µW and beam waist
of a few mm. Production of Ti is high, yielding 3×1013
atoms in the ground state. We note that at early times
the OD is often saturated, preventing it from being mea-
suring directly. In such cases, peak values are extrapo-
lated from the unsaturated data assuming an exponential
decay in signal, which is observed to be a good approx-
imation when peak values can be directly observed, as
seen in Fig. 2.
We fit the measured OD to an exponential decay to
extract a lifetime. At low neon buffer-gas flow rates
(& 4 sccm and . 40 sccm) we observe the titanium life-
time to increase linearly with increasing buffer-gas flow
rate. This is as expected, as diffusion to the cell walls is
the dominant loss process at low buffer-gas densities [41].
At higher flow rates (& 40 sccm), the titanium lifetime
saturates at a maximum ∼ 6 ms. We interpret this “sat-
urated” value to be the “pumpout” time of the cell: on
this timescale the titanium atoms are extracted through
the aperture due to entrainment in the neon buffer gas
[41].
We measured the beam of titanium atoms produced
by the cell via spectroscopy after the cell. For measure-
ments of atomic fluxes and transverse velocities, we use
absorption spectroscopy with the laser path transverse
to the direction of the atomic beam. Typical powers
are 30–40 µW and typical beam waists are ∼5–6 mm.
Typical absorption signals show a main absorption pulse
preceded by 1–2 very temporally narrow “pre-pulses”.
The mechanism by which these pulses are produced is
not known, but they are brief enough that few atoms
are contained in them. As such, we focus only on the
main pulse. This pulse first appears about 2–3 ms af-
ter ablation, with the peak occurring about 4–5 ms after
ablation. As the transit time from the cell exit to the de-
tection region is . 350 µs (as calculated from measured
forward velocities), we attribute the delay primarily to
the time it takes the titanium to be extracted from the
cell. This delay is important for understanding the lack
of signal seen for CH, as discussed in section III.
As previously reported in reference [35], the tempera-
ture of the titanium atoms in the beam increases as the
flow rate is increased. Additionally, the temperatures
also increase inside the cell with increasing flow rate, al-
though after enough time they tend to approach similar
values.
2. Small-volume cell
As expected, we see significantly shorter lifetimes for
titanium in the small-volume cell. We expected the
pumpout time to be proportional to cell volume and in-
versely proportional to the exit aperture area [41]. This
scaling would predict a pumpout time of ∼700 µs. Our
measurements show even faster pumpout times. At early
times after ablation, the titanium OD is not well de-
scribed by an exponential. However, at later times, it
appears roughly exponential, and at high neon buffer
gas flow rates (& 100 SCCM), we measure a lifetime of
450±100 µs. We interpret this timescale as the pumpout
time of the small-volume cell.
Unfortunately, as seen in Fig. 10, the thermalization
of the translational temperature of titanium occurs on
a timescale comparable to the pumpout time. Conse-
quently, we expect the atoms extracted at early times
will produce a hotter beam.
We also note that at longer times after the ablation
(& 1 ms), the temperature of the titanium atoms in the
cell appears to increase with time, as seen in Fig. 10. We
are unsure as to what is the cause of this effect.
We measure the beam produced by the small-volume
cell by the same methods outlined in Appendix A 1. Av-
eraging over the pulse of atoms (50–2300 µs after the
ablation pulse), we find the titanium beam has a trans-
verse velocity spread corresponding to a temperature of
46±10 K. The forward velocity of the titanium beam,
as seen in Fig. 6, ranges from 200–260 m/s, increasing
linearly with the flow rate. The axial velocity spread,
shown in Fig. 7, shows a significant dependence on the
buffer gas flow rate, exhibiting expansion cooling as the
flow rate increases in the low rates, and then begins in-
creasing after 40 SCCM.
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FIG. 10. Measured titanium translational temperatures (as-
suming linewidths are dominated by Doppler broadening) as
a function of time. These were calculated from spectra taken
at different time windows, with horizontal error bars showing
the width of the window. The markers are placed over the
middle of their respective time windows. The cell tempera-
ture was 16 K for this data.
We observed a delay between ablation and the detec-
tion of Ti in the beam. Similar to the standard cell, we
observe “pre-pulses” that occur before the primary mea-
sured pulse. Regarding the primary pulse, the delay time
to initial signal is shorter, roughly 500 µs after ablation.
The delay to the peak signal is ∼ 1 ms. Compensating
for the delay due to the transit time from the cell aper-
ture to the detection region, we find that the main pulse
of Ti atoms first exits the cell ∼ 150 µs after the ablation,
with the peak occurring at ∼ 650 µs. This reduction in
the time it takes for atoms to leave the cell is comparable
to the reduction in the lifetime observed in the cell.
Appendix B: Iodoform ablation
As mentioned in section II, we attempted to create CH
ablation targets with iodoform powder. Initial attempts
were done by melting iodoform in a beaker, resulting in a
chalky rock that easily fractures. Ablating this resulted
in the target quickly breaking apart while yielding no
measurable quantity of CH. We also tried to recreate the
iodoform target as described in [4].
In that work, iodoform was dissolved in acetone and
left in a glass beaker covered in aluminum foil at room
temperature for roughly one month. At that time, the
aluminum foil was found to be partially corroded, and
the beaker contained both what appeared to be iodoform
crystals as well as a black, “gummy” substance. In the
prior work, ablation of the crystalline sample into a he-
lium buffer gas in a cryogenic cell produced no measur-
able signal, but ablation of the black material produced
large numbers of CH molecules with long lifetimes in
the cell (although production was sometimes inconsistent
shot-to-shot). Our recent attempts to produce the same
material by this procedure failed, as did attempts to pro-
duce the material using heating. Typically, we created
a black, hard substance with hints of crystalline struc-
ture. Ablating these materials did not yield measurable
quantities of CH.
